Background: Obesity is associated with alteration of the gut microbiota. In order to clarify the effect of Lactobacillus-containing probiotics (LCP) on weight we performed a meta-analysis of clinical studies and experimental models. We intended to assess effects by Lactobacillus species. Methods: A broad search with no date or language restriction was performed. We included randomized controlled trials (RCTs) and comparative clinical studies in humans and animals or experimental models assessing the effect of Lactobacillus-containing probiotics on weight. We primarily attempted to extract and use change from baseline values. Data were extracted independently by two authors. Results were pooled by host and by Lactobacillus species and are summarized in a meta-analysis of standardized difference in means (SMDs). Results: We identified and included 17 RCTs in humans, 51 studies on farm animals and 14 experimental models. Lactobacillus acidophilus administration resulted in significant weight gain in humans and in animals (SMD 0.15; 95% confidence intervals 0.05e0.25). Results were consistent in humans and animals. Lactobacillus fermentum and Lactobacillus ingluviei were associated with weight gain in animals. Lactobacillus plantarum was associated with weight loss in animals and Lactobacillus gasseri was associated with weight loss both in obese humans and in animals. Conclusions: Different Lactobacillus species are associated different effects on weight change that are host-specific. Further studies are needed to clarify the role of Lactobacillus species in the human energy harvest and weight regulation. Attention should be drawn to the potential effects of commonly marketed lactobacillus-containing probiotics on weight gain.
Introduction
The prevalence of obesity is increasing steadily among adults, adolescents and children and is now considered a worldwide epidemic [1] . The causes driving the obesity appear to be complex and include environmental, genetic, neural and endocrine factors [2] but infectious agents have also been proposed [3] . More recently obesity was associated with a specific profile of the bacterial gut microbiota [4] and was shown to be a transmissible phenotype by microbiota transplantation [5] . First studies on obesity reported a decrease in the Bacteroidetes/Firmicutes ratio [4] and a decrease in the archae Methanobrevibacter smithii [6] . Since these pioneering studies, significant associations were found between the increase of some bacterial groups and human obesity (Lactobacillus [7] , Staphylococcus aureus [8e10], Escherichia coli [10] and Faecalibacterium prausnitzii [11] ). Conversely, other bacterial groups have been associated with lean status, mainly belonging to the Bifidobacterium genus [6,8e11] . We found recently that different Lactobacillus species may have a paradoxical effect with higher levels of Lactobacillus reuteri and lower levels of Lactobacillus plantarum and paracasei in obese gut microbiota [12] . In contrast, symbiotics (the combination of prebiotics and probiotics) have been proposed in the management of malnutrition with promising results on mortality [13] .
As many probiotic strains of Lactobacillus and Bifidobacterium are marketed in products for human consumption, altering the intestinal flora [14] , we hypothesized that widespread ingestion of probiotics may promote obesity by altering the intestinal flora [15] . However, this remains controversial [16] . On the other hand, manipulation of the gut microbiota by probiotics has been used for growth promotion in farm animals for at least 30 years [17] . Indeed, Lactobacillus acidophilus, L. plantarum, Lactobacillus casei, Lactobacillus fermentum, L. reuteri are the most commonly used Lactobacillus spp. in agriculture [18] . All these data strongly suggest that Lactobacillus containing probiotics (LCP) may impact the weight regulation in humans and animals.
Many studies have reported the effects of Lactobacillus containing probiotics (LCP) on weight but according to recent data [12] , this effect is at least species dependent. To our knowledge, no metaanalysis has been performed to confirm this difference among Lactobacillus containing probiotics. For this purpose, we pooled data from animal and human studies to obtain sufficient power to detect a significant effect at the species level.
Methods

Data sources
According to PRISMA 2009 guidelines [19] (Table A. [20] were searched for articles, unrestricted by language, from 1950 to August 2011. Search terms included: probiotics, Lactobacillus, weight, weight gain, weight loss, weight change, growth, performance, randomized controlled trials, placebocontrolled and associated author names.
Study selection and data extraction
We retrieved the full text of studies including Lactobacillus-containing probiotics and looked for weight assessment as primary or secondary outcome. Inclusion was limited to experimental studies and randomized controlled trials in farm animals, experimental models and healthy humans. Authors were contacted when published data were incomplete. Exclusion criteria included hosts with underlying diseases (except for obesity) or pregnant women, probiotics given only to the mother, symbiotics (probiotics associated with prebiotics), other nutrients given exclusively to the intervention group, non-direct fed microbials (probiotics in silage), non viable probiotic administration, recombinant probiotics, hosts challenged prior to probiotic administration by viruses or bacteria, hosts with diarrhoea or colitis, before-after intervention studies, inappropriate control group (prebiotics, probiotics or antibiotics administration e traditional yogurt including Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus was accepted as control intervention), unavailable statistical data and double publications. Data were extracted independently by two authors (MM, EA).
Risk of bias assessment and outcome measures
The Jadad score [21] was used for the assessment of bias in evaluating human trials to determine studies to exclude and allowing sensitivity analysis based on this quality score. In animals, all studies were included except those with major methodological concerns, and a score was calculated with one point for each of these terms: dropouts mentioned, dropouts < 10%, outcome expressed as a weight difference (and not weight at the end) and absence of other risk of bias. Studies with a score > 2 were considered at low risk for bias.
The primary outcome was the effect on weight. Weight change from baseline, weight at the end of the study, daily weight change, weight/age ratio, delta-BMI (Body Mass Index) and weight percentile were considered as outcome measures. We primarily attempted to extract and use change from baseline values.
Statistical analysis and heterogeneity investigation
We used RevMan v5.1 [22] to carry out meta-analysis of the standardized difference in means (SMD) with 95% confidence interval for weight change after probiotics administration. When means were available and the p-value was described as > 0.05 (or "not significant"), a two-tailed p-value of 0.9 was attributed in order to increase the sensitivity of this pioneering work in this area. Each trial could contribute more than one comparison but comparisons were pooled for each study only if experimental conditions were similar. Heterogeneity was assessed by the I-squared value, 50% being considered as substantial. Summary measures were determined by a random effect model assuming significant clinical heterogeneity regardless of the I-squared value. We primarily investigated heterogeneity by stratifying results by Lactobacillus species including comparisons with only one Lactobacillus species in the probiotic product. In addition, subgroup analyses were planned a priori to discern weight changes by host category; overweight/obese animals or humans; and very low weight birth (VLWB) newborns. The effect of studies' risk of bias was assessed through sensitivity analysis. Funnel plot was used to identify outliers subsequently excluded and to assess small studies and publication bias. Classic fail-safe N, Egger's test for asymmetry were also used to assess small studies bias and Duval and Tweedie's Trim and Fill adjustment with random effects model was used to provide an estimate of the unbiased effect size. A standardized difference in means > 0.10 was considered clinically relevant as it correspond to a 1 kg weight difference for a 70 kg man based on data from a sample of 5000 healthy human individuals [23] .
Results
The search yielded 200 studies of which 118 were excluded because of probiotic or host group definitions, study design or missing outcome data ( Fig. 1 ). 82 studies, involving 153 comparisons, were included in the quantitative synthesis. Included human studies involved 15 double-blind randomized controlled trials and two open-labelled randomized trials (Table 1) . Included animal studies involved 14 studies on experimental models and 51 on farm animals. After exclusion of two studies with high risk of bias (weight significantly different at baseline, open label design), LCPs were not associated with significant weight change in human adults (SMD ¼ 0.18; 95%CI (À0.43e0.79)), infants (SMD ¼ 0.004; 95%CI (À0.20e0.21)), or preterm newborn infants (SMD ¼ À0.10; 95%CI (À0.32e0.12)). Meta-analysis of all comparisons in healthy humans and animals (134 comparisons, overweight and VLWB newborns excluded) resulted in weight gain but significant heterogeneity (SMD ¼ 0.15; 95%CI (0.12e0.18); p < 0.001; I 2 ¼ 85%) and thus we proceeded directly to the subgroup analyses, primarily assessing effects by species.
Lactobacillus acidophilus
The meta-analysis of 13 studies and 18 comparisons including 3307 subjects (879 humans) on L. acidophilus administration showed a significant weight gain effect (SMD ¼ 0.15; 95%CI (0.05e0.25); p ¼ 0.005; I 2 ¼ 42%) (Fig. 2 ). Using classic fail-safe N, 34 unpublished studies would have been necessary to bring p-value > 0.05, Duval and Tweedies's trim and fill did not change this result, and Egger's asymmetry test was not significant (twotailed p-value ¼ 0.66) making this summary effect robust and publication bias unlikely. Direction of effect favouring weight gain was consistent in humans and animals. A sensitivity analysis including only studies with a quality score > 2 reduced heterogeneity and found a consistent and significant result (I 2 ¼ 28%,
) was clinically relevant as it corresponds to a weight gain of 1.5 kg for a 70 kg man.
Lactobacillus fermentum
The meta-analysis of 3 studies and 12 comparisons including 598 chicks, pigs and ducks but no humans on L. fermentum found a significant weight increase (SMD ¼ 0.81; 95%CI (0.12e1.50); p ¼ 0.02; I 2 ¼ 90%). After exclusion of one outlier, 34 unpublished studies would have been necessary to bring p-value > 0,05 using classic fail-safe N, Duval and Tweedies's trim and fill one study but found a consistent result (SMD ¼ 0.53; 95% CI (0.18e0.87)) and Egger's asymmetry test was not significant (two-tailed pvalue ¼ 0.28) making this summary effect robust. All these studies have a quality score > 2.
Lactobacillus ingluviei
The meta-analysis of three studies and 11 comparisons including 198 chicks, ducks and mice on one L. ingluviei strain isolated from an ostrich found a significant weight increase effect (SMD ¼ 0.97; 95%CI (0.49e1.45); p < 0.001; I 2 ¼ 59%). After exclusion of one outlier [24] , 27 unpublished studies would have been necessary to bring a p-value > 0.05 using classic fail-safe N, Egger's asymmetry test was not significant (p ¼ 0.59) and Duval and Tweedies's trim and fill give a similar significant result (SMD ¼ 0.76; 95% CI (0.48e1.03)). All these studies had a quality score > 2. No human trials included L. ingluviei.
Lactobacillus plantarum
Pooled analysis of three studies, three comparisons including 335 lean chicks, rats and mice on L.plantarum showed a weight loss effect direction but result was not significant (Fig. 3a) . However, L. plantarum was associated with significant weight loss effect in overweight/obese animals in four studies and five comparisons including 64 mice and rats (SMD ¼ À1. 33 ; 95%CI (À2.50 to À0.16); p ¼ 0.03; I 2 ¼ 74%) (Fig. 3b ). No human studies included L. plantarum. Small studies bias was unlikely because 19 unpublished studies would have been necessary to bring the p-value to > 0,05, Duval and Tweedies's trim and fill did not change this result and Egger's asymmetry test was not significant (two-tailed p-value ¼ 0.52). All these comparisons in experimental animals had a medium to low risk of bias.
Lactobacillus gasseri
L. gasseri was associated with a trend for weight loss in lean animals in three studies and four comparisons including 48 pigs and rats (p ¼ 0.09) ( Fig. 3a) . In obese animals and humans (Fig. 3b) , three studies and three comparisons including 87 humans and 36 rats found an anti-obesity effect (SMD ¼ À0.67; 95%CI (À1.17 to À0.16); p ¼ 0.009; I 2 ¼ 29%). Using classic fail-safe N, six unpublished studies would have been necessary to bring the p-value to > 0,05, Duval and Tweedies's trim and fill did not change this result and Egger's asymmetry test was not significant (twotailed p-value ¼ 0.88) making this summary effect robust and small studies bias unlikely. This effect was consistent between humans and animals. Two L. gasseri strains (SBT2055 [25e27] and BNR17 [28] ) have a significant anti-obesity effects in individual studies. All these studies had a medium to low risk of bias. In obese individuals, the difference (SMD ¼ À0.57) was clinically relevant since it correspond to a weight loss of 6 kg in humans.
Other species
Other species (L. reuteri, L. casei, Lactobacillus rhamnosus and Lactobacillus sporogenes) were not associated with significant and consistent effects. Only L. delbrueckii was significantly associated with weight gain (five comparisons; I 2 ¼ 0%; SMD ¼ 0.39; 95%CI (0.06e0.71); p ¼ 0.02) but this effect was summarized from only two different studies in chicks and rats.
Discussion
Significant impact of Lactobacillus-containing probiotics on weight
In this meta-analysis, we showed that some Lactobacillus species were significantly associated with weight modifications in human and animals: L. acidophilus, L. ingluviei, L. fermentum were linked to weight gain whereas L. gasseri and L. plantarum were linked to weight loss or an anti-obesity effect. The latter effect seemed particularly evident in overweight or obese individuals. Wide variation in response was explained by probiotic species and host. Stratification only by probiotic species revealed significant and consistent results. In a second step, we showed that the host was a covariate explaining part of the heterogeneity found for a specific probiotic species (Table A. 2). The differences found were clinically relevant as they correspond to a weight change that ranged from 1.5 kg gain in leans for L. acidophilus or 6 kg loss in overweight for L. gasseri based on the statistics of a population of >600 healthy men with an average weight of 70 kg (standard deviation of 9.8 kg) [23] .
Lactobacillus species associated with weight gain
With the results of our meta-analysis, bacteria candidates for increasing energy efficiency in humans are L. acidophilus and L. fermentum. To our knowledge, L. ingluviei was not identified in the human digestive microbiota but only in the intestinal tract of pigeons, chickens and ostrich and is not contained in probiotics Growth parameters, daily characteristics of feeding, stooling and behaviour and side effects.
(continued on next page) [24, 29] . One candidate for the transmission of the obese phenotype, L. acidophilus, is widely present in many products for human consumption as the "acidophilus milk", traditionally consumed in the United States or in other formulations such as freezedried products sold without any regulation on the internet. The consumption of this species is particularly prevalent in the United States [30] where the prevalence of obesity is particularly important.
Lactobacillus species associated with anti-obesity effect
On the other hand, many bacteria appear to be protective against obesity. In our study, a strong species dependent anti-obesity effect was observed with two species having a significant antiobesity effect; L. gasseri and L. plantarum (Fig. 3b ). This antiobesity effect was consistent with absence of significant weightgain effect in lean individuals (Fig. 3a) . A recent study confirmed our results showing a 6-months weight-loss effect of L. plantarum DSM 15313 in high-energy-dense diet rats when administered to mother and offspring [31] . This anti-obesity effect could be an important adjunct in the treatment of obesity, since, apart from surgery, no medical treatment can support efficiently the fight against obesity to date.
Limitations
However, the paucity of data in individual hosts impelling us to the pool animal and human data limits the generalization of these [24] ). A weight gain effect is represented by a deviation of the square (standardized difference in the means) to the right. The length of the horizontal line represents the 95% confidence interval and the diamond represents the summarized effect. Substantial heterogeneity was cancelled after sensitivity analysis for L. acidophilus. L. acidophilus and L. fermentum, when administered in overweight/obese humans or animals didn't have a significant anti-obesity effect (data not shown).
data to humans. Moreover, effect size and standard deviation are probably very different in experimental models and in the general human population. Only few clinical studies have been conducted to test a weight gain effect assessing only one Lactobacillus species because, unlike animal studies, this effect was generally not sought in humans. L. acidophilus increased weight gain both in bottle-fed and breast-fed newborns but this effect was stronger in bottlefed newborns [32] , L. gasseri SBT2055 resulted in significant weight loss in human adults with obese tendencies [27] .
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Perspectives
In the next future, new double-blind randomized human trials should assess long-term growth in newborn infants receiving Lactobacillus-containing probiotics. A critical point is to stratify according to the initial weight [34] . For species associated here with a significant weight change and used for human consumption as L. acidophilus, L. fermentum, L. plantarum and L. gasseri, trials evaluating weight gain as a primary outcome measure will be needed. The long-term evaluation to at least 3e5 years of age will be critical to identify a difference that could have been undetected by shorter studies [35] . According to the register Clinicaltrials.gov, at least one current study is testing the average weight gain as a primary endpoint among newborns receiving a probiotic containing L. fermentum (trial number NCT01346644). This bacterium has been associated with obesity in our study. In addition, caseecontrol studies comparing obese and lean children according to their consumption of Lactobacillus-containing probiotics in the first weeks of life should be carried out.
Conclusion
Food is a source of bacteria and viruses and changes in patterns of food consumption result in differences in human gut flora among different groups of people [36, 37] . As a result, it is necessary to further investigate the effects of routinely adding high amounts of bacteria in food [38] . Our systematic analysis found that the manipulation of the gut microbiota by L. acidophilus, L. ingluviei or L. fermentum results in weight gain whereas specific strains of L. gasseri and L. plantarum used as food supplements presented an anti-obesity effect. Only two studies including these species were available in humans, one showing a significant weight gain effect of L. acidophilus in newborns whereas L. gasseri was found to have a significant anti-obesity effect in the first and only well-designed study to date assessing the impact of Lactobacillus-containing probiotics on overweight humans. L. acidophilus and L. gasseri were associated with the same effect direction both in animals and humans. L. fermentum and L. ingluviei were associated with an astonishing weight gain effect in ducks, chicks and mice but have never been studied in humans. Next-generation human probiotic species should contain Lactobacillus spp. that are not associated with weight gain in humans. Of note, on 24 August 2007, the FDA issued regulations that require current good manufacturing practice for dietary supplements to be phased in over the next few years [39] . These regulations should focus on weight assessment outcome according to probiotic species and strains. Finally, selection of specific Lactobacillus containing probiotics could take part in the future management of the two major health problems in the 21st century, malnutrition and obesity.
